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Abstract 
Understanding the interface between electrodes and electrolyte is the essential topic of 
electrochemistry. Electrochemical impedance spectroscopy (EIS) is one of the most powerful 
analytic tools to investigate the interface where electrochemical reactions proceed because 
overlapped processes can be decoupled and parameters characterizing each process can be 
measured. The most widely used EIS is the potentiostatic EIS (PS-EIS) by which impedance 
spectra are obtained at a fixed potential. The data are assumed to be obtained in a stationary 
condition where concentrations of oxidized and reduced species are not changed significantly 
but only small sinusoidal waves of potential can perturb the profiles reversibly. However, it is 
difficult to interpret the impedance data in non-stationary situations where the concentration 
profiles change with time even at fixed potential or potentials are changed during EIS 
measurements.  
 Two different non-stationary cases were considered in this thesis. Potentiodynamic 
situations in which potential is intentionally controlled (e.g., cyclic voltammetry) are the first 
case. To snapshot the impedance spectra at each potential, the time required for measuring a 
spectra of impedances should be very short. Potential would change before completing EIS 
measurement at a potential unless the measuring time is short. In this thesis, therefore, 
Fourier-transformed EIS technique (FT-EIS) was used to obtain impedance spectra during 
potential sweep. Galvanostatic situations are the other case for non-stationary situations. 
Charging and/or discharging energy storage devices such as metal-air cells and lithium ion 
batteries (LIBs) belongs to the non-stationary situations where potentials change continuously 
because the devices are galvanostatically charged and/or discharged at a fixed current. Even 
if the electrochemical cells for energy storage have been extensively studies by using PS-EIS, 
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it is difficult to say that values of kinetic parameters obtained from the PS-EIS reflects 
operational conditions effectively. To investigate impedances in situ during 
chronopotentiometry, therefore, galvanostatic EIS (GS-EIS) was developed by perturbing a 
fixed current with a series of sinusoidal waves of current of a small amplitude.   
 In the first part, the processes involved in electrochemical oxidation of zinc were 
studied in dilute alkaline solutions, 0.010 and 0.10 M KOH, employing cyclic voltammetric 
and real-time Fourier transform electrochemical impedance spectroscopy (FTEIS) 
experiments. Thermodynamic analysis of cyclic voltammetric data indicates that Zn(OH)4
2- is 
produced as a major product in both 0.10 and 0.010 M KOH although ZnO/Zn(OH)2 may 
also be produced as a minor product in 0.010 M. A large body of impedance data was 
obtained as a function of swept potential by running combined staircase cyclic voltammetry 
and FTEIS (SCV-FTEIS) experiments at every 10 mV and 200 ms interval, which allowed a 
systematic and complete analysis to be made on the interface. Analysis from the impedance 
data demonstrates that the charge transfer reaction occurs across the thin oxide/hydroxide 
film formed on the zinc surface. Also obtained were various electrode reaction kinetic 
parameters for oxidation of zinc by treating the impedance data thus obtained and the reaction 
mechanism is discussed based on the data. 
 In the second part, we focused on in situ measurement of impedances of lithium ion 
batteries (LIBs) during galvanostatic charging and how to design charging rates based on the 
information extracted from the in situ measured impedance data. Charge transfer resistances 
are definitely and deeply related to kinetics of lithiation or delithiation of active materials 
used in LIBs. The impedance data measured by GS-EIS showed tendencies depend on C-rate. 
Following the course of lithiation of graphite at slow rates, charge transfer resistances 
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decreased slightly until lithium is intercalated every two graphitic layers (stage 2L or 2). Then, 
the resistance increased abruptly when the alternative empty layers were filled with lithium 
ions (transition from stage 2 to stage 1). At the end of the transition, resistance is developed 
to make very resistive environments for lithiation. Based on the information about charge 
transfer resistance profiles along galvanostatically charging processes, a charging strategy is 
programmed with several different C-rates. Capacity of lithiation is significantly enhanced by 
the C-rate switching (CRS) strategy. As a representative example, 75 % of available capacity 
is charged for 50 min by a combination of 2C, 1C and 0.5C. However, only 12 % and 51 % of 
graphite is lithiated within the same time duration by a single charge rate at 0.1C and 0.5C, 
respectively. 
 Finally, silicon-based lithium-ion batteries were investigated in operando by GS-EIS. 
A large body of impedance data was obtained at every set time, which allowed systematic and 
complete analysis of the interface. The variation of double layer capacitance (Cd) 
demonstrates the thickening of solid electrolyte interface (SEI) layer whereas the charge 
transfer resistance (RP) values show the mechanism of lithiation into the silicon structure 
during galvanostatic charging processes. By using this technique, nanosizing benefits of 
silicon nanoparticles over micro-particles were confirmed such as lower polarization 
resistance (Rp) and thinner solid-electrolyte interphase layer (SEI layer) over the whole 
lithiation range. Based on the kinetic information obtained from the non-stationary conditions, 
a lithiation strategy consisting of multiple galvanostatic steps was designed to lithiate silicon 
anodes in a faster way. Impressively, three quarters of available capacity of nano sized silicon 
cells were charged by a galvanostatic sequence of 4C-2C-1C-0.5C within 20 min, which 
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cannot be achieved by a conventional single C-rate charging strategy. Also, potential profile 
curves of the CRS lithiation was simulated from Nernst equation for expecting lithiation time. 
 In this study, we hereby report a novel method of analyzing electrochemical reactions 
by not only real-time Fourier transform electrochemical impedance (FTEIS) spectroscopy but 
also Galvanostatic electrochemical impedance spectroscopy (GS-EIS) and applied them to 
the electrochemical mechanism study of zinc electrode oxidation, lithium ion intercalation 
into the graphite layers, and Si alloying reaction in battery systems. A large body of 
impedance data obtained for battery operation help better elucidates the charge and/or 
discharge mechanism at the electrode/electrolyte interface. 
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Ⅰ. Introduction 
 
 To meet the demands of energy storage devices, researchers have devoted 
considerable effort to develop power sources having high energy densities. One way to 
improve the energy density of a battery is a good understanding of the electrochemical 
mechanism during charging and discharging. An impedance spectroscopic technique is a 
powerful tool for diagnosing of battery devices as a non-destructive method.1-4 The 
techniques offer the means for inspect of the state of charge (SOC) and the state of health 
(SOH) of the batteries, which are related with both capacitive and resistive, as well as 
inductive, components and the electron or lithium ion transports cannot be expressed by 
simple Ohm’s law. 
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Figure 1-1. Basic concept of frequency response analyzer (FRA) The role of the frequency 
response analyzer is to extract extremely small test signals (AV) from noisy waveforms, and 
compare their gain (Ai) and phase (td)  
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 Traditionally, impedance measurements are made with an instrument called the 
frequency response analyzer (FRA) by generating a small ac wave of a given frequency, 
overlaying it on a dc bias potential, and applying the signal to the system of interest (Figure 
1-1). The ac current obtained thereof is then measured and the impedance is obtained at the 
frequency from the amplitude and phase shift of the resulting ac current from that of the ac 
voltage wave. Since the frequency responses vary depending on the frequency, the frequency 
is scanned from about a few hundred kHz down to as low as 0.01 mHz to acquire a full frame 
impedance data. To enhance the signal-to-noise ratio, the current signals are averaged over a 
few periods of the ac wave. For this reason, it often takes from as short as about 10 minutes 
to as long as overnight to make full frame impedance measurements depending on the 
frequency range. Disadvantages of this method include its requirement for a steady state, and 
the instrument is programmed to wait until the electrochemical system reaches a steady state. 
This, along with the frequency scanning and the signal integration for at least a few cycles, 
makes the measurement time often too long. Thus, this method is viable only for a stable and 
reversible system that is in equilibrium, as its linearity, stability, and causality must be 
ensured.5,6 For this reason, early investigators questioned the validity of impedance 
measurements.6 To reduce the measurement time, a new technique, in which multi-sinusoidal 
excitation ac voltage signals and the resulting ac currents obtained thereof were deconvoluted 
into their component ac signals by Fourier transform leading to impedance spectra, has been 
developed.7 This technique has thus been rightly named Fourier transform electrochemical 
impedance spectroscopy (FTEIS) and its instrumentation has been improved for more 
effective measurements in recent years.8-10 
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1.1. In situ impedance measurements 
 Electrochemical reaction is the electron transfer reaction. The environmental for 
electron transfer changes every moment during a reaction. That’s why we have to monitor 
whole reaction by in situ method. Figure 1-2 shows three different types of EIS method. 
Conventional EIS and FTEIS are related with potential. The different thing is changeable 
value during operation. Galvanostatic EIS (GS-EIS) is controlled by current like a battery 
cycler. Each graph represents input signal during operation. Conventional EIS can measure 
just one impedance data at fixed voltage. However, FTEIS can sweep the voltage like a CV 
and measuring impedance at every second. Meanwhile, GS-EIS can change input current. It 
is suitable for studying energy conversion devices. 
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Figure 1-2. Three different type of impedance measurements. (1) a typical electrochemical 
impedance spectroscopy, AC voltage superimposed on the DC bias potential. (2) Fourier 
transform electrochemical impedance spectroscopy, step function of potential. (3) 
Galvanostatic electrochemical impedance spectroscopy, AC current superimposed on the DC 
current. 
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1.1.1. Fourier Transform Electrochemical Impedance Spectroscopy (FTEIS) 
 We developed a technique that allows impedance measurements to be made in a 
much shorter period than the FRA method.11,12 The technique takes advantage of the fact that 
a potential step is an integrated form of what is called a Dirac delta function, which is 
obtained by summing up all the ac waves of the same amplitude and phase (Figure 1-3). Thus, 
application of a potential step followed by taking the first derivative of the current signal 
obtained and subsequent conversion of the time domain derivative signal into the frequency 
domain by Fourier transform leads to the computation of impedance data in all frequency 
regions. This sequence of data allows the impedance data to be obtained in real time due to its 
shorter data acquisition time than that taken by the traditional FRA method by about 
1000~1000,000 times. We have already applied results obtained from the technique to a new 
complete description of an electrochemical system employing the equivalent circuit theory 13 
and to the demonstration of mass transport voltammograms derived purely from the Butler-
Volmer kinetics. 14,15 
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Figure 1-3. Fast measurement impedance technique realizing that Dirac delta (δ) function is 
like a white light beam in the ac voltage waves, containing all frequency components. 
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1.1.2. Galvanostatic Electrochemical Impedance Spectroscopy (GS-EIS) 
 Fourier Transform Electrochemical Impedance Spectroscopy (FTEIS) is qualified as 
a mechanism analysis by sweeping potential. However, because the battery systems use a 
current for charging or discharging, we instrumented a Galvanostatic Electrochemical 
Impedance Spectroscopy (GS-EIS) enable impedance spectra measured during galvanostatic 
charging (“in situ”).16 To measure in situ impedance, galvanostatic signal is applied to the 
battery by superimposing sinusoidal alternating current of small amplitude with 200 kHz to 1 
Hz by the C-rate we chose. During synchronized waves applied, the large body of impedance 
data was obtained at every set time, which allowed systematic and complete analysis of the 
interface. The variation of double layer capacitance (Cd) demonstrates the thickening of solid 
electrolyte interface (SEI) layer whereas the charge transfer resistance (RP) values show the 
mechanism of lithiation into the silicon structure during galvanostatic charging processes. 
1.2. Real-time impedance measurements and its applications 
 In this study, we chose three different battery systems. First, the study of zinc 
behavior in alkaline solutions is increasingly considered as being of high interest, primarily 
because it is employed in electrochemical generators. Zinc-Air cell has a good performance 
such as high specific energy density, because Standard electrode potential of zinc is -0.76 V 
(vs. SHE) which is considerably negative potential. It can be designed to be reduced cell 
volume due to using air for the cathode material. The above features are well suited in terms 
of cost savings and environmental protection. During the past few years, many research 
groups have worked hard to improve efficiency for the electrically rechargeable zinc-air 
battery. In order to upgrade performance of zinc-air battery, mechanical system improvement 
as well as fundamental research should be conducted. Hence, this experiment by means of in-
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situ method will help the mechanism to be more accurately described. The experiments were 
conducted with a FTEIS. The electrical circuit parameters undergo changes during the 
electron transfer reaction at the electrified interface. Such analysis demonstrates that the 
charge transfer reaction occurs across the thin oxide/hydroxide film formed on the zinc 
surface. Also obtained were various electrode reaction kinetic parameters for oxidation of 
zinc by treating the impedance data thus obtained and the reaction mechanism is discussed 
based on the data.  
 Second, the lithium ion rechargeable batteries were investigated by GS-EIS because 
charge transfer resistances are definitely and deeply related to kinetics of lithiation or 
delithiation of active materials. Strikingly important and valuable results were extracted from 
the in situ analysis, we believe. Following the course of lithiation into graphite layers at slow 
rates, charge transfer resistances decreased slightly until lithium is intercalated every two 
graphitic layers (stage 2L or 2). Then, the resistance increased abruptly when the alternative 
empty layers were filled with lithium ions (transition from stage 2 to stage 1). At the end of 
the transition, resistance is developed to make very resistive environments for lithiation. This 
is the first experimental finding or at least the first experimental evidence if someone 
expected the result in his mind. Based on the information about charge transfer resistance 
profiles along galvanostatically charging processes, a charging strategy is programmed with 
several different C-rates. Capacity of lithiation is significantly enhanced by the C-rate 
switching (CRS) strategy. 
 Finally, The Silicon based lithium-ion batteries were investigated by in situ 
galvanostatic electrochemical impedance spectroscopy (in situ GS-EIS). A large body of 
impedance data was obtained at every set time, which allowed systematic and complete 
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analysis of the interface. The variation of double layer capacitance (Cd) demonstrates the 
thickening of solid electrolyte interface (SEI) layer whereas the charge transfer resistance (RP) 
values show the mechanism of lithiation into the silicon structure during galvanostatic 
charging processes. By using this technique, nanosizing benefits of silicon nanoparticles over 
micro-particles were confirmed such as lower polarization resistance (Rp) and thinner solid-
electrolyte interphase layer (SEI layer) over the whole lithiation range. Also, the C-rate 
switch (CRS) strategy and potential profile curves by simulation related with Nernst equation 
are suggested for the fast charging based on C-rate dependency kinetic parameters obtained 
by the GS-EIS. 
1.3. Conclusions 
 The main objectives of the research are to elucidate the battery system such as a zinc 
dissolution, a lithium ion intercalation into graphite layer, and a silicon alloying reaction with 
lithium ion using various electrochemical techniques including Fourier transform 
electrochemical impedance spectroscopy (FTEIS) and galvanostatic electrochemical 
impedance spectroscopy (in situ GS-EIS). We see the technique as one that will change the 
way the electrochemical measurements are made in the future and we expect that it will open 
a variety of new research areas in electrochemistry. This is because the technique will: 1) 
provide the snap shots of electrode/electrolyte interfaces in real time, 2) allow multi-electron 
transfer processes to be resolved, 3) lead to real time monitoring of state of health (SOH) of 
batteries such as battery management system (BMS), and 4) lead to the development of fast 
charging methods for electric vehicles (EVs) that use changes in impedance as a state of 
charge (SOC). 
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Ⅱ. Zinc Oxidation in Dilute Alkaline Solutions Studied by Real-Time Electrochemical 
Impedance Spectroscopy 
 
2.1. Introduction 
 A good understanding of electrochemical oxidation of zinc in aqueous alkaline media 
is very important for effective utilization of zinc as an anode for both primary and secondary 
batteries. Zinc-air secondary batteries have recently been proposed for use in electric vehicles 
albeit its charging processes pose a large number of problems. For this reason, a concept of 
the zinc-air fuel cell has also been proposed. Applications of zinc to zinc-air secondary 
batteries have been reviewed by a few investigators.1-3 To use the zinc anode for secondary 
batteries, a thorough understanding of its redox mechanisms would be a prerequisite for 
designing its effective charging and discharging processes. A number of studies have been 
devoted to the elucidation of the zinc oxidation mechanism.4-15 Most authors used potentio-
dynamic methods while others employed spectroelectrochemical12,14 and electrochemical 
impedance spectroscopy (EIS) measurements.16-23 Of these, some addressed zinc deposition20 
while others its dissolution16,17,21-23 among others. 
 EIS measurements offer a strong tool for analyzing an electrified electrode-
electrolyte interface as its electrical environment is as important as the nature of the chemical 
reactions taking place because the heterogeneous electron transfer occurs across the 
electrified interface.24-28 Traditional EIS measurements have limitations due to the 
requirements that the system be in a stationary and equilibrated state,29-31 and the 
measurements must thus be made after the stationary state has been reached upon applying a 
bias potential. Over the years, numerous efforts have been made for development of faster 
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impedance measurement methods that may allow transient measurements to be made during 
other electrochemical experiments; earlier investigators used multisine techniques,32-35 which 
have later been optimized for use along with cyclic voltammetric experiments.36-41 The 
optimized techniques revealed a few limitations as well,41 however. We have recently 
developed a technique to obtain a series of impedance data during the potential sweep by 
combining Fourier transform electrochemical impedance spectroscopy (FTEIS) with the 
staircase cyclic voltammetry experiment,42,43 in which a true white noise is used as an 
excitation signal.44 One can obtain a series of full frame EIS spectra as a function of the 
potential scanned while a staircase cyclic voltammogram (SCV) is obtained; the SCV is the 
same as the cyclic voltammogram (CV) under certain experimental conditions.45,46 The SCV-
FTEIS method has thus been applied to dynamic and transient electrochemical impedance 
measurements on a variety of electrochemical systems47-57 when properly conducted. 
 In this work, we used cyclic voltammetric and SCV-FTEIS experiments to 
characterize the zinc electrode-electrolyte interface while its oxidation was taking place in 
dilute KOH solutions. A large body of impedance data recorded during the anodic sweep of 
the potential allowed a variety of electrical and electrochemical parameters to be obtained for 
zinc oxidation. While zinc-air batteries use ~6 M KOH solutions, we used dilute KOH 
solutions of 0.010 and 0.10 M KOH in this study to reduce noise in current. The present study 
will thus become the basis of our future studies in more concentrated solutions. 
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2.2. Experimental 
2.2.1. Electrochemical cell preparation 
 Potassium hydroxide (KOH: Samchun Chemical, 95.0%) and the zinc rod (Alfa 
Aesar, 99.999%) were used as received. The experiments were carried out in dilute (0.10 and 
0.010 M) KOH solutions. The zinc working electrode (diameter 2.0 mm, geometric area of 
0.0314 cm2) was prepared by press fitting it into a Teflon rod after the latter is heated in an 
oven at 110oC. A single compartment cell housing the zinc disk working electrode, a 
platinum gauze counter electrode, and a homemade Ag|AgCl (in saturated KCl) reference 
electrode was used for the electrochemical measurements. For each experiment, the working 
electrode was polished to a mirror finish successively with alumina slurries (Buehler) of 1 μm 
down to 0.03 μm, and rinsed thoroughly with doubly distilled water. The working electrode 
was then cleaned in an ultrasonic vibrator bath for 5 min. Prior to impedance measurements, 
any surface oxide introduced during preparation of the electrode was cleaned in same 
molarity KOH solutions by reducing it at -1.6 V (vs. Ag|AgCl in satd. KCl) for 10 minutes 
while the solution was purged with ultra-pure nitrogen gas. 
2.2.2. Cyclic voltammetry & FTEIS 
 The CVs were recorded by an EG&G 263A potentiostat-galvanostat by cycling the 
potential between -1.9 V and -0.9 V at a scan rates of 50 mV/s. In order to obtain the 
impedance data, an SCV-FTEIS experiment was carried out with a homemade fast-rise 
potentiostat, a Hewlett Packard HP 33120A arbitrary waveform generator, and a National 
Instrument NI-5922 high speed data acquisition system controlled by a desk top computer. A 
series of ascending or descending potential steps of a 10 mV height and a step time of 200 ms 
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were applied to the home-built potentiostat from -1.9 to -0.9 V and then back to -1.9 V, which 
corresponds to a scan rate of 50 mV s-1 for a CV experiment. The sampling rate used for both 
the stepped potential and the resulting current was 50 kHz. The data thus obtained from both 
the voltage step and the resulting chronoamperometric current were segmented for each 
potential step. The resulting SCV was obtained by averaging the current for the last 10 ms of 
each potential step. Impedances were then obtained by first taking the first derivatives of the 
stepped voltage and the resulting current with respect to time, followed by fast Fourier 
transform (FFT) of the derivative voltages and current signals into ac voltages and currents 
with the frequency ranging from 1/ttotal (low frequency limit) to 1/(2Δt) (high frequency limit) 
using the Matlab program (Math Works, Natick, MA). The impedance data were fitted to a 
proposed equivalent circuit using EG&G’s ZSimpWin software.  
2.3. Results and Discussion 
 Figure 2-1 shows CVs recorded at 50 mV/s in: (a) 0.010 and 0.10 M and (b) 1.0 M 
KOH. Here, peak A1 was assigned to oxidation of zinc to Zn(OH)4
2- while peak A2 was to 
primarily Zn(OH)3
- in 1.0 M KOH due to the depletion of OH- near the electrode surface.14 
Part of the hydroxyl complexes is converted to oxides/hydroxides during the potential scan. 
Peaks A3 and A4 result from zinc oxidation to Zn(II) species underneath the ZnO/Zn(OH)2 
film. Note that peak A2 is not observed in lower KOH concentrations due to the complete 
depletion of OH- and the limiting currents observed in 0.010 and 0.10 M KOH should mostly 
be due to the formation of oxides/hydroxides. Finally, peak C1 results from reduction of Zn(II) 
species, primarily, ZnO/Zn(OH)2 back to Zn.
14  
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Figure 2-1. Cyclic voltamograms recorded at 50 mV/s in: (a) 0.010 (■) and 0.10 M (‒▲‒), 
and (b) 1.0 M (▬) KOH solutions at a well-polished polycrystalline zinc electrode. 
-2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8
-0.0016
-0.0008
0.0000
0.0008
0.0016
0.0024
0.0032
  
 
 
(a)
C
u
rr
e
n
t 
d
e
n
s
it
y
, 
A
/c
m
2
C1 
C1 
A1
A1
 0.01 M KOH
 0.1 M KOH
-2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8
-0.06
-0.04
-0.02
0.00
0.02
0.04
A4
 
 
 
C1
A3
A2A1
(b)  1 M KOH
E, V vs. Ag/AgCl
C
u
rr
e
n
t 
d
e
n
s
it
y
, 
A
/c
m
2
１７ 
 
As can be seen from Figure 2-1a and b, the potential for Peak A1 shifts in a negative direction 
with the peak current increasing to a large extent for an increase in KOH concentration. The 
potential shifts are understood as the major oxidation reactions of zinc involve hydroxide ions 
in alkaline media as in: 
 Zn + 4OH- → Zn(OH)42- + 2e-  E0 = -1.481 V vs. Ag/AgCl58  (1) 
 Zn + 2OH- → ZnO + H2O + 2e-  E0 = -1.444 V vs. Ag/AgCl (2) 
and/or Zn + 2OH- → Zn(OH)2 + 2e-  E0 = -1.442 V vs. Ag/AgCl (3) 
and their concentration dependency is 
  E = -1.481 - 0.118·log aOH-     (4) 
for reaction (1) while it is 
  E = -1.444 - 0.0592log aOH-     (5) 
for reactions (2) and (3) at 25oC, where aOH- is the activity of OH
-. The peaks show up at 
more positive potentials than their thermodynamic values due to the overpotential. The 
possible zinc oxidation reactions and their electrode potentials are listed in Table 1. From the 
potentials listed alone, it is very difficult to assign which reaction takes place at the first CV 
peak in dilute KOH as E0 values are very close to each other. While reduction to ZnO and/or 
Zn(OH)2 is predicted to occur at more negative potentials than that to Zn(OH)4
2- by 36~38 
mV in 0.010 M (Table 1), Zn(OH)4
2- should be the major product species as it is more stable 
at pH = 12, where the fraction of Zn(OH)4
2- and Zn(OH)3
- accounts for about 95% with the 
rest being ZnO/Zn(OH)2.
15 In 0.10 and 1.0 M KOH, Zn(OH)4
2- and Zn(OH)3
- are definitely 
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the major initial products.14,15 
Table 2-1. Zinc oxidation reactions and their potentials 
 
Reactions 
 
E0, V vs. SHE 
Potentials vs. Ag|AgCl in 0.10 
and 0.01 M KOHa 
E0 values vs. Ag|AgCl: 
aOH- Dependency 0.010 M (aOH- 
= 0.0779) 
0.10 M (aOH- 
= 0.00902) 
Zn/Zn(OH)4
2- -1.285 -1.240 -1.350 -1.481 - 0.118·log aOH- 
Zn/ZnO -1.248 -1.378 -1.323 -1.444 - 0.0592·log aOH- 
Zn/Zn(OH)2 -1.246 -1.376 -1.321 -1.442 - 0.0592·log aOH- 
Zn/Zn(OH)+,b -0.957 -1.002 -1.092 -1.153 - 0.0296·log aOH- 
 
aPotentials calculated from the aOH- dependency listed in the last column. 
bCalculated from free energies of formation listed in Ref. 58. 
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 To have a more systematic view on this, we recorded CVs in a wider range of KOH 
concentrations of 0.01 ~ 6.0 M, and peak potentials as well as peak currents obtained from 
these experiments are shown in Fig. 2. The potentials were calculated using relation (4); the 
activity coefficients for 3.0 and 6.0 M KOH were obtained by the interpolation procedure 
from those listed in the literature.59 The measured potentials (-●-) stay about constant above 
0.1 M KOH, deviating from the standard electrode potentials (-■-) obtained from relation (4) 
as shown in Fig. 2a. An anodic CV peak potential should be more positive than its calculated 
standard electrode potential by 28.5/n mV or more depending on the electrochemical 
reversibility of the oxidation reaction,60 and thus, the peak potentials should be more positive 
than those calculated by ~14.3 mV assuming that zinc oxidation is electrochemically quasi-
reversible at the scan rate of 50 mV/s. The observed CV peak potentials are in good 
agreement with thermodynamic values below 0.10 M but they deviate significantly from 
calculated values above 1.0 M KOH. The rapid depletion of OH- in the diffusion layer at the 
electrode surface due to the formation of Zn(OH)4
2- (Kf = 3.78 x 10
17) upon oxidation of Zn 
to Zn2+ should be responsible at least partially for the positive deviations for the CV peak 
potentials as is expected from equation (4). This was the reason for the assignment of peak 
A2 in Figure 2-1b to oxidation of Zn(OH)3
-.12,14 However, the positive deviations shown 
above 1.0 M KOH are too large to be explained by this.  
 In 0.010 M KOH, Zn(OH)2 and ZnO are expected to be formed as the first products 
according to reactions (2) and (3) as their formal potentials are more negative than that of 
reaction (1) by about 36~38 mV. However, Zn(OH)3
- and Zn(OH)4
2- as Zn(OH)3
- must be the 
major products as these are the predominant species at pH = 12.0 with ZnO and Zn(OH)2 
being minor components.15,61 All these must have been merged into one broad peak as can be 
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seen in Figure 2-1a. Peak A2 is hardly seen in both 0.010 and 0.10 M KOH as the formation 
of Zn(OH)3
- is relatively unimportant due to the depletion of OH- in the reaction zone.61 
 The CV peak current shows a dramatic increase upon increasing the activity of the 
hydroxide as can be seen from Figures 2-1 and 2-2b. This is explained by the rapid following 
reaction of Zn2+ to form Zn(OH)4
2-, which facilitates the electrochemical dissolution of the 
zinc electrode and would thus lead to a large increase in current. Indeed, the log(ip) vs. log 
(aOH-) plot (Figure 2-2c) is approximately linear with a slope of about 1 indicating that the 
CV peak current is directly proportional to aOH- and the reaction must thus be of the first 
order; the cathodic reaction orders were reported to be 1 with respect to both zincate and OH-
.6 The peak potential should thus shift in a negative direction as shown by the calculated data 
(-●-) in Figure 2-2a, which makes the zinc oxidation easier as aOH- increases. The potentials 
were calculated using eq. (4) assuming that reaction (1) would be predominant above pH = 12 
(or in KOH with its activity higher than 0.010 M). However, this is not the case for the 
observed data (-■-) as can be seen from Figure 2-2a. This observation indicates that the 
primary oxidation product is Zn2+ determining the activation barrier for oxidation, not 
Zn(OH)4
2-, and the oxidation potential is independent of the activity of OH- above 0.10 M 
KOH. In actual battery cells, however, concentrated solutions of > 6 M KOH are used and the 
increase in current more than counteracts the loss due to the increased overpotential.  
 Finally, significantly large cathodic currents are observed before the zinc oxidation 
began to occur in both 0.010 and 0.10 M KOH, while a rather small current is observed in 1.0 
M KOH, due to the hydrogen evolution reaction according to 
 2H2O + 2e
-  H2 + 2OH-  E0' = -1.024 V (vs. Ag|AgCl). (6) 
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As the formal potential for hydrogen evolution is more positive than that for zinc oxidation 
by more than 300 mV, the large cathodic current is expected to be observed below the zinc 
oxidation potential. Hydrogen evolution was reported under similar experimental conditions 
using rotating ring-disk experiments62 and its kinetics were studied as well.63 The hydrogen 
evolution reaction requires a large overvoltage due to its small exchange rate constant at zinc 
electrodes (vide infra). Since the potential for hydrogen evolution will shift in a positive 
direction by 59.2 mV/pH at lower KOH concentrations, the reaction would become 
increasingly faster as the KOH concentration is lowered from 1.0 to 0.010 M. This is 
qualitatively shown in Figure 2-1a; more will be discussed on this below based on impedance 
data. 
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Figure 2-2. (a) Calculated oxidation potentials (-●-) and experimentally observed CV peak 
potentials (-■-), (b) peak currents, and (c) log(peak currents), all plotted as a function of log 
aOH-. 
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  From early stages of electrochemical studies on zinc oxidation or deposition, the 
electrochemical impedance spectroscopy (EIS) served as one of popular tools.16-23 In efforts 
to probe the electrical characteristics of the electrode/electrolyte interface, we conducted real 
time SCV-FTEIS combined experiments and obtained a large body of impedance data at 
every 10 mV and 200 ms interval for the whole potential range studied by CVs. Figure 2-3 
shows: (a) a series of impedance spectra obtained during the anodic scan in 0.010 M KOH, (b) 
one recorded at -1.21 V (66th spectrum) from those shown in (a) along with the simulated 
curve, and (c) an equivalent circuit used for data analysis. The Nyquist plots recorded during 
the cathodic scan show large Warburg impedances due to the reaction occurring at the heavily 
passivated electrode surface due to the accumulation of oxide/ hydroxide films. For this 
reason, we do not include analysis of impedance results obtained during the reversal scan. 
 The Nyquist plot shown in Figure 2-3b is significantly depressed. The reason for this 
could be either a wide frequency dispersion of the double layer capacitance or two RC 
circuits involved in oxidation of zinc. We attempted to simulate the data with both 
possibilities and found that the latter generally gave better fits. The reason for this is because 
an oxide film is formed immediately upon exposing the zinc electrode to the air and/or 
electrolyte even after its thorough cathodization to reduce the oxide film and, thus, the circuit 
taking the film into account during the charge transfer across the film should also be 
physically more significant. Indeed, the fits were excellent with 2 values of lower 10-4 with 
the two RC circuit shown in Figure 2-3c. 
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Figure 2-3. (a) A series of impedance spectra obtained during the forward scan in 0.010 M 
KOH, (b) a spectrum extracted from the ones shown in (a) (66th at -1.21 V, red), and (c) an 
equivalent circuit used for data analysis. One every other spectrum has been shown here and 
the arrow indicates the scan direction in (a). 
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 The circuit parameters obtained from the data analysis are shown in Figures 2-4 ~ 2-
7. Figure 2-4 shows the variation of solution resistances in 0.010 and 0.10 M KOH. In 0.010 
M KOH, the solution resistance (Rs) stays about constant at 45.5( 0.1)  until the oxidation 
reaction begins to take place and then starts to steadily increase from about -1.2 V by about 5% 
to ~48  at the anodic limit, -0.90 V. A very similar behavior was observed in 0.10 M KOH 
as well except that the average Rs value is about 4.8(0.01), which increases by about the 
same extent to about 5.1 . Thus, these behaviors are just about the same except for the 
different absolute Rs values due to the differences in KOH concentration and the different 
potentials at which Rs starts to increase. The smaller Rs values in 0.10 M KOH in comparison 
to those in 0.010 M is readily expected as the ionic conductivity, , of an electrolyte solution 
is simply expressed by the equation, 
  
j
jjj auzF || ,       (7) 
where F, zj, uj, and aj are the Faraday constant, charge, mobility, and activity of an ionic 
species, j. Indeed, the resistance in 0.010 (aOH- = 0.0090) M is about 10 times of that in 0.10 
(aOH- = 0.078) M, which is in excellent agreement with those expected from relation (7). The 
increase in Rs above about -1.3 V is due to the depletion of hydroxide ions near the electrode 
surface due to the formation of Zn(OH)4
2- upon electrochemical generation of Zn2+, which 
results in a slight increase in the solution resistance. The increase in resistance for the contact 
between the electrode surface and the solution might have contributed to this as well albeit 
slightly. 
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Figure 2-4. (a) Solution resistance (Rs's) obtained in (a) 0.010 and (b) 0.10 M KOH. The 
average Rs values are 45.8  0.6 and 4.8 0.4 , respectively, for (a) and (b) before they start 
to increase. 
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 Figure 2-5 shows the changes in resistances (Rf''s) and capacitances (Cf's) of the film 
in 0.010 M KOH as a function of scanned potential. The film resistances fluctuate wildly 
before the potential for zinc oxidation is reached; this must be due to small hydrogen bubbles 
formed on the zinc electrode surface, which raises the film resistance. The film resistance, 
which is about 50  when the film is rather completely reduced by the cathodic treatment at -
1.9 V, increases to an average value of about 100  at around -1.6 V and hits a minimum at 
about -1.3 V, where the rate of zinc oxidation is at its maximum. At this point, the film 
becomes thinnest as will be shown below from capacitance measurements with the electron 
transfer occurring across it efficiently, but it becomes thicker upon further oxidation 
producing ZnO and/or Zn(OH)2 on the top of the film.  
 The film capacitance, Cf, stays remarkably constant with an average of 23.3( 0.8) 
F/cm2 before it begins to increase at about -1.5 V. The capacitance then increases to about 
94.6 F/cm2 at -1.30 V, which then decreases back to 9.6( 1.2) F/cm2 above -1.05 V. The 
change in film capacitance allows one to estimate the change in film thickness, d, from the 
equation, 
  
d
A
C rf 0 ,       (8) 
where r is the relative static permittivity or the dielectric constant, 0 is the electric constant 
(= 8.854 x 10-14 F/cm), and A is the area of the capacitor. Using an r value of 8.15 for zinc 
oxide,59 we estimate the film thickness of 3.1 Å , corresponding to about 1.1 monolayer (ML), 
before the charge transfer takes place. We estimated a molecular diameter of 2.9 Å  for ZnO 
using its density. While the film could be made of ZnO, Zn(OH)2 or both and they may not be 
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ideally crystalline, its thickness appears reasonable. As a large amount of zinc is oxidized at -
1.30 V, the capacitance increases drastically to 94.6 F/cm2 due to a large increase in pseudo-
capacitance thanks to the large faradaic current. This is also translated into a large decrease in 
thickness to about 0.76 Å  (~0.26 ML) due to high potential gradient present while the charge 
transfer takes place. The film thickness then increases slowly back to about 8.3 Å  (~2.9 MLs) 
above about -1.0 V. The change in film thickness obtained from the potential dependency of 
the capacitance is in excellent agreement with the change in film resistance as discussed 
above. Very similar observations (data not shown) were made in 0.10 M KOH except that the 
maximum capacitance is significantly higher at 145 F/cm2 corresponding to 0.49 Å  at -1.35 
V but the final film is a bit thinner at about 7.1 Å  due most likely to the easier dissolution of 
the oxide/hydroxide film in the more concentrated solution. 
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Figure 2-5. The film resistances (Rf's) (a) and capacitances (Cf's) plotted as a function of 
scanned potential in 0.010 M KOH. 
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 Figure 2-6 shows the polarization resistances (Rp's) at the electrode/electrolyte 
interface for faradaic reactions, i.e., hydrogen evolution and zinc oxidation, in 0.010 M KOH. 
It is seen that Rp for hydrogen evolution increases steadily upon scanning the potential in a 
positive direction due to the decrease in overvoltage for water reduction until it reaches a 
maximum of 434.6  at -1.47 V. This is the charge-transfer resistance for zinc corrosion at its 
corrosion potential, -1.47 V, as the cathodic current due to hydrogen evolution becomes 
exactly the same as the anodic current for zinc oxidation. Thus, the corrosion current, icorr, of 
2.95 x 10-5 A/cm2 is obtained from the equation,  
  
corr
corr
nFR
RT
i  ,       (9) 
where R, T, and n are the gas constant, the absolute temperature, and the number of electrons 
transferred, respectively. This can be confirmed by the corrosion current of 4.37 x 10-5 A/cm2 
obtained from the crossing point of two Tafel plots (data not shown) of anodic and cathodic 
currents recorded from the anodic scan shown in Figure 2-1a. Upon further increase in 
potential, Rp decreases to a minimum of 6.8  at -1.27 V, which then increases back to about 
100  at -0.90 V, as the anodic current is now controlled by the diffusion of hydroxide ions 
into the metal electrode surface. This decrease in current makes Rp values increase as it is 
defined as,  
  
i
Rp




,       (10) 
where i is the current at an overpotential . This is shown as a slow increase in Rp values 
above about -1.3 V. 
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 The double layer capacitance, Cd, which ranges between 10 and about 33 F/cm2 
below about -1.35 V, increases rapidly to a maximum of 225 F/cm2 at -1.27 V, where the 
minimum Rp value (6.8 ) is observed. At this point, the Cd value is at its maximum due to 
the pseudo-capacitance originating from the faradaic reaction. 
 The behaviors in 0.10 M KOH are very similar (data not shown) with a larger 
fluctuation of generally larger Rp values in the hydrogen evolution region. On the other hand, 
Rp for zinc oxidation decreases from a maximum of 136  at -1.45 V (Rcorr and Ecorr) to a 
minimum value of 0.81  at -1.37 V and then increases back to about 120  at -0.90 V. The 
increase in faradaic currents are generally reflected well in corresponding impedance values 
while the behavior of the film remains about constant as discussed above. 
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Figure 2-6. (a) Polarization resistances (Rp's) and (b) double layer capacitances (Cd's) plotted 
as a function of potential in 0.010 M KOH solution. 
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 Warburg admittances obtained from the impedance data are shown in Figure 2-7. The 
Warburg admittances present how mass transports of water molecules and hydroxide ions 
contribute to the hydrogen evolution and zinc oxidation currents during the potential sweep in 
this case. When the redox reaction is electrochemically reversible, the maximum Warburg 
admittance is observed at a formal potential.55,64 However, they are pushed in an anodic or 
cathodic direction depending on whether the electrochemical reaction is anodic or cathodic 
when the reaction is not reversible at a given scan rate.64 We see from the Warburg 
admittances shown in 0.010 M KOH (Figure 2-7a) that a relatively large flux of mass transfer 
is shown to occur at -1.85 V, which decreases to nearly 0 between -1.6 and -1.4 V and then 
increases back to two maxima at -1.25 and -1.16V. Since the formal potentials obtained from 
thermodynamic data is -1.378 and -1.240 V, respectively, for Zn/ZnO [and/or Zn/Zn(OH)2] 
and Zn/Zn(OH)4
2- pairs (Table 1), the first Warburg admittance peak at -1.25 V is assigned to 
oxidation of Zn to ZnO and/or Zn(OH)2 while the second at -1.16 V to that to Zn/Zn(OH)4
2-. 
In 0.10 M KOH, however, the Warburg peak observed at -1.33 V should correspond to 
oxidation to primarily Zn/Zn(OH)4
2- with a minor portion to ZnO/Zn/Zn(OH)2; their 
oxidation potentials differ only by only about 27 mV (Table 1). The fraction of oxidation to 
Zn(OH)4
2- should be significantly larger than the other routes in 0.10 M KOH.14,15 
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Figure 2-7. Warburg admittances (Y0's) plotted as a function of potential in: (a) 0.010 and 
0.10 M KOH. 
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 To obtain the electrode reaction kinetic parameters for hydrogen evolution, the Rp 
values shown on the rising curve below -1.5 V in Figure 2-6 were first converted to the 
forward electron transfer rate constant, kf, using an equation,
65 
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where A is the electrode area and CO is the concentration of oxidant, i.e., water. The 
concentration of water was taken to be 55.5 M as the amount of KOH is very small. Then the 
kf values were plotted according to the Butler-Volmer formalism, 
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
,     (12) 
where k0 is the exchange rate constant and  is the transfer coefficient. From the plot shown 
in Figure 2-8a, we obtain k0 and n values of 3.0 x 10-10 cm/s value of 1.12 for hydrogen 
evolution. The k0 value is very small, which is reasonable in that the hydrogen evolution 
current is very small even at an overpotential of -1.0 V (-1.9 V vs. Ag|AgCl, Figure 2-1a). 
The reason why the electron transfer is so slow is because it occurs perhaps via the thin oxide 
layer as we have demonstrated from our discussion of the film capacitance. The n value of 
1.12 indicates that the water reduction takes place via a two-step electron transfer with the 
last step rate limiting.  
 The potential region for zinc oxidation without interferences from the mass transport 
is relatively narrow as can be seen in Figure 2-6a. In the lower potential region spanning from 
-1.9 to about -1.47 V, hydrogen is evolved with no zinc oxidized. Above the corrosion 
potential of -1.47 V, zinc starts to get oxidized but the current is quickly limited by two 
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processes; the first is the passivation due to the thicker oxide film and the other is the control 
by mass transfer of solution reactants through the passive layer (Figures 2-1a and 2-6a). For 
this reason, the Rp value starts to increase back from -1.27 V after a rapid decrease beginning 
at -1.47 V. This is because the zinc oxidation current above -1.47 V would be counteracted by 
the cathodic current due to hydrogen evolution and the anodic current is also affected by both 
the passivation and mass transport as the potential gets close -1.27 V. Thus, the region, in 
which the Butler-Volmer formalism is applicable, is rather limited, and only a few points 
were included for the plot as can be seen from Figure 2-8b. The k0 and n(1-) values obtained 
from this plot are 2.5 x 10-10 cm/s and 2.42, respectively, for zinc oxidation. This corresponds 
to a Tafel slope of 25 mV/decade, which is slightly smaller than about 40 mV for zinc 
oxidation in more concentrated KOH solutions as reported in a few earlier studies.5,6,9 While 
early investigators17,66 concluded that the dissolution of zinc in alkaline media takes place via 
a two-step mechanism, the Tafel slopes we and others have reported5,6,9 indicate that the 
reaction involves more steps than two. Here again, zinc oxidation is irreversible as the 
electron transfer occurs via tunneling across the passivation layer. Thus, the n(1-) value of 
2.42 indicates that the overall number of electrons transferred for zinc oxidation must be 
greater than two. This multi-step electron transfer may perhaps take place through a number 
of intermediate steps that make the electron transfer so slow in addition to the presence of the 
passive layer. 
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Figure 2-8. (a) The ln(kc) vs. overpotential () plot for hydrogen evolution and (b) ln(kc) vs.  
plot for zinc oxidation in 0.010 M KOH. For hydrogen evolution, the concentration of water 
and the formal potential of water reduction were taken to be 55.5 M and -0.906 V, 
respectively. For zinc oxidation, the activity of zinc was taken as 1.0 as it is in a pure solid 
elemental state with its formal potential of -1.326 V. 
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2.4. Conclusions 
 We have conducted anodic oxidation of zinc in 0.010 and 0.10 M KOH employing 
SCV-FTEIS measurements and the results provided much greater insights into the electrode-
electrolyte interface than any other studies had in the past. This was because we acquired a 
large body of impedance data as a function of swept potential at every 10 mV and 200 ms 
interval. The impedance data we report here are almost entirely different from those reported 
in the literature16-23 as those reported in earlier studies were obtained long after a bias 
potential had been stepped; the instruments for these measurements were programmed such 
that the measurements would be made after the rate of current decay became negligibly small 
to meet the stationarity and equilibrium conditions.29-31 By that time, however, all the 
electrochemical and chemical changes that could possibly occur have taken place and the 
impedance measurements now probe the interface established by the reactants, products, and 
the electrolyte. Besides, the oxide/hydroxide films precipitated on the electrode surface 
dissolve away back into the solution, causing inductive loops frequently appear at low 
frequencies during measurements. This series of reactions taking place before and during the 
impedance measurements make it practically impossible to reasonably interpret the 
impedance data. On the other hand, the rate of measurement is faster than that of 
electrochemical/chemical changes in our case; our data were shown to satisfy the Kramers-
Kronig transform (KKT) requirement for true impedance data.44 The clear trends shown by 
the results displayed in Figures 2-4 ~ 2-8 also attest that the impedance data do indeed reflect 
the changes in electrical environments of the interface upon varying the potential. 
 Another important point is that basic kinetic parameters such as exchange currents 
and transfer coefficients are amenable with our data. The Warburg admittances provide 
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another important insights into the contributions of mass transports during electrochemical 
oxidation of zinc, which has never been and cannot be realized by the traditional impedance 
or any other independent measurements. 
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Ⅲ. Programming galvanostatic rates for fast-charging lithium ion batteries: a graphite 
case 
 
3.1. Introduction 
 A lithium ion rechargeable batteries (LIBs) are expected to be the regnant 
substitution for petroleum-based fuels in electric vehicles (EVs).1, 2 LIBs provide a number of 
advantages in comparison with aqueous battery technologies, including higher energy density 
(100 to 170 Wh kg-1 for LIBs versus ~75 Wh kg-1 for nickel-metal hydride batteries) with 
higher cell voltage (up to ~4 V per cell).3, 4 Carbonaceous materials, more specifically 
graphites, have been dominantly used as an anode material of LIBs. They are 
lithiated/delithiated reversibly with significant amount of lithium up to one lithium per six 
carbons without their mechanical and electrical properties deteriorated. Their electrochemical 
potential of Li+ intercalation is as low as that of metallic lithium. Also, they have well 
defined electrochemistry showing several plateaus in chronopotentiomograms, providing 
higher capacity than other carbonaceous materials.5 However, lithiation kinetics of graphites 
is not facile enough to satisfy high power demand of EVs even if it is superior to that of other 
alternatives such as conversion-reaction-based or alloying-based anode materials. Various 
efforts were devoted to enhancing kinetics of lithiation or delithiation of anode materials. For 
example, lithiation process was kinetically improved by partially exfoliating edges of 
graphite.6 
 The lithiation/delithiation kinetics depends closely on resistances related with mass 
transfer and charge transfer processes. Lithium ions move through electrolyte into graphite 
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surface (solution resistance, RS), penetrate into solid-electrolyte interface (SEI) layer (RSEI) 
and are intercalated from the SEI layer to the edge site of graphites (charge transfer 
resistance, RCT) and diffuse along the inter-space of graphites (Warburg impedance, ZW).
7, 8 
The solid-state diffusion of Li+ (diffusion coefficient of Li+ in graphite, DLi+ = 10
-12 to 10-8 
cm2 s-1)9 can be the rate determining step at high rates of charging and discharging so that the 
charge transfer leading to LiC6 formation is limited. The concentration polarization in 
addition to ohmic polarization induces higher overpotential during charging cells at high 
currents, making cell potential reach a cut-off voltage before graphite is fully lithiated. 
 As graphite is lithiated with more amounts of Li+, electrochemical environments 
changes so that the intercalation potential which Li+ experience decreases. Step-wise 
potential changes have been observed depending on periodicity of lithiated layer.5, 10 For 
example, the potential required for transforming one lithiated layer per four graphitic layers 
(stage 4) to  stage 2 is higher than that of stage 2 to stage 1. According to each stage or the 
degree of lithiation within each stage, charge transfer kinetics would change with RCT as a 
function of potential. Useful information could be extracted from electrochemical impedance 
spectra if the lithiation of graphite during galvanostatic charging processes were monitored in 
a real time (galvanostatic electrochemical impedance spectroscopy or GS-EIS). Typical 
impedance spectra have been obtained at a biased potential after electrochemical systems of 
interest are fully stabilized at the potential.9, 11, 12 With the PS-EIS (potentiostatic EIS), it is 
difficult to define the state of charge (SOC) at the potential on which impedances are 
obtained because a wide range of SOC exists at a fixed potential shown as potential plateaus 
over a time period in typical chronopotentiometric potential profiles. Also, as another 
weakness of PS-EIS for investigating lithiation process of graphite anodes of LIBs, it cannot 
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probe the rate-dependency of effective kinetic parameters. Impedances are obtained with PS-
EIS after steady states (time-invariant conditions) are reached. However, the situation of 
galvanostatic lithiation process is not the case. The GS-EIS provides merits, overcoming the 
weakness of PS-EIS and delivering effective kinetic parameters to draw useful picture of 
galvanostatic lithiation of graphites. Non-stationary impedance analysis (equivalent to GS-
EIS) based on impedance spectra as a function of time was proposed, which was used for 
analyzing lead/acid batteries during a galvanostatic charging.13, 14 Also, electrochemistry of 
electrodes for lithium batteries and LIBs was investigated in situ by using the GS-EIS in 
terms of deposition/dissolution of lithium metal anode15 and formation of the SEI layer on 
graphite anode.10  
 Galvanostatic methods have been dominantly used to charge or discharge of practical 
electrochemical energy storage devices such as LIBs and supercapacitors. The temporal rate 
of charging or discharging is controlled in the method, avoiding high current shocks possibly 
induced in potential-controlled methods. Practically, a fixed value of current or C-rate (the 
current ratio with respect to the current charging or discharging energy at 100% level during 
1 h) have been used without considering variable kinetics along electrochemical processes. 
 In this work, we instrumented a GS-EIS by superimposing a biased current with a 
series of sinusoidal current wave form. Kinetic parameters were extracted from coin half 
cells based on graphites along lithiation processes in a real time manner or in situ by the GS-
EIS. Also, the C-rate dependency of the kinetic parameters was investigated. Based on the 
information, we suggested a charging strategy called the C-rate switching method (CRS) to 
enable more amount of energy to be stored within a fixed time period. 
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3.2. Experimental 
3.2.1. Cell preparation 
 2032-type half coin cells were configured with lithium foil as a counter electro
de with 1 M LiPF6 in 5:5 v/v ethylene carbonate/dimethyl carbonate (EC/DMC) as el
ectrolyte and a micro-porous polyethylene film (Tonen, 20 um thick) as a separator. Nat
ural graphite (NG; Mitsubishi Chemical, average particle size = ~20 um) was used as a 
working electrode, playing a role of anode materials of LIBs. Slurry of the mixture of NG 
and PVdF in N-methyl-2-pyrrolidone was coated on copper foils, dried at 100 oC for 2 
h and roll-pressed. Coin cells were assembled in an argon-filled glove-box with less t
han 1 ppm of oxygen and water. Assembled coin cells were kept at open circuit 
potential in a chamber at 25 oC (+1 oC) for 10 hr. Then, they were galvanostatically 
cycled two times between 1.5 and 0.01 V versus Li/Li+ at 0.1 C-rate for forming SEI 
layer and measuring capacity of each cell, respectively (by a battery cycler; Wonatech
/WBCS 3000) . 
 
3.2.3. Impedance measurement by GS-EIS 
 Impedances of the coin cells experiencing two cycles of charging and discharging 
were measured during galvanostatic lithiation by GS-EIS. Two channels of multichannel 
potentiostats (BioLogic /VSP-300) were interactively used (Figure 3-1). Channel 1 applies a 
galvanostatic signal (a biased current) to the cells and measures resultant potential signals 
as a function of time. Channel 2 superimposes a series of small AC current waves on the 
galvanostatic signal of Channel 1 and measures resultant potential waves to calculate 
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impedances. Sinusoidal signals at 200 kHz to 1 Hz were used with 100 uA sinus amp
litude. The sinusoidal current waves were applied to the constant current and the resultant 
potential waves were recorded intermittently: every 10 min for 0.05C and 0.1C; and 5 mi
n for 0.5C and 1C. Impedance data were fitted with a proposed equivalent circuit by 
using software (Princeton Applied Research, ZSimpWin). The best parameters were obtai
ned by minimizing χ2. 
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Figure 3-1. Inputs and outputs of GS-EIS. Input stimuli (c) are generated by superimposing 
small alternating current signal (b) on a galvanostatic signal (a). Temporal profile of potential 
(d) and impedances (e) at points of interest (colour circles in d) of the chronopotentiometric 
profile are measured simultaneously.  
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3.2.4. C-rate switch charging (CRS charging) 
 All cells were kept potentiostatically on 1.5 V versus Li/Li+ at the battery cycl
er prior to charging. Three cells with identical fabrication and electrochemical history were 
used. The first and second cells as controls were lithiated galvanostatically at a fixed 
current of 0.1C and 0.5C respectively. The third cell was lithiated with a series of C-rates: 2
C, 1C and 0.5C consecutively. The C-rates were changed when the potential of cells reached 
the cut-off potential at 0.01C.  
3.3. Results and Discussion 
 Lithium ions are intercalated into interlayer space of graphite to form graphite inter
cala t ion  compounds  (GICs) .  The in te rcala t ion  processes experience different 
electrochemical environments as they proceeds. Lithium ions are intercalated preferentially 
into the layers that are thermodynamically more favourable. To avoid the interference of one 
intercalated layer with another, periodicity of intercalated layers is reached with holding a 
gap between the intercalated layers as buffer. Next preferred interlayer space is filled with 
lithium ions after the intercalation into the most preferred ones is completed. Each stage is 
identified with formation of its own GICs5: 
LiC72 (dilute stage) ⇆ LiC36 (stage 4)  (I) 
LiC36 (stage 4) ⇆ LiC27 (stage 3) ⇆ LiC18 (stage 2L) (II) 
LiC18 (stage 2L) ⇆ LiC12 (stage 2)   (III) 
LiC12 (stage 2) ⇆ LiC6 (stage 1)   (IV) 
Chronopotentiometric profiles of lithiating natural graphite at slow C-rates less than 0.1C 
showed several well-defined plateaus corresponding to each chemical equation shown above 
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(Figure 3-2a). Composition of GICs changes from the left-hand-side one to the right of the 
reactions as time or capacity increases at a fixed potential plateau. The staging behavior 
becomes clearer in dQ/dV plot obtained by differentiating capacity with respect to potential 
(Figure 3-2b). 
  Impedance spectra were traced in situ during the galvanostatic charging at 0.05C. 
Representative impedance spectra were shown in Figure 3-2c, which are measured at the red 
points designated by Greek letters in Figure 3-2a. Two semi-circles, each of which is 
responsible for charge transfer through an interface, were highly overlapped to each other. 
The low-frequency semi-circle (red-colored) was relatively larger than the high-frequency 
one (green-colored). Charge transfers driven by Li+ through the first interface from 
electrolyte to the solid-electrolyte interphase (SEI) and the second interface from the SEI to 
graphite cause the high-frequency and low-frequency semi-circles respectively, which can be 
described by a combination of two Randle circuits (the equivalent circuit in Figure 3-2c).16 
Charge transfer resistance directly related to intercalation (RCT; diameter of the second semi-
circle) dramatically increased at the end of reaction (IV) around 0.056 V due to concentration 
polarization caused by saturated intercalation into graphite with no room for concentration 
gradient to be developed. The high-frequency semi-circle became negligible compared with 
its low-frequency counterpart as GIC reached the stage 1.  
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Figure 3-2. (a) Chronopotentiometric profile on lithiation of natural graphite at 0.05C. Q = 
capacity. E = cell potential versus Li/Li+ (b) Differential capacity with respect to potential. 
Dashed red lines indicate peak potentials related to corresponding reactions (red Roman 
numbers). Underlined blue numbers or characters indicate stages of GICs. (c) Impedance 
spectra obtained at the points indicated by red Greek alphabet in (a). The impedance spectra 
at σ, β and σ were magnified in the inset. An equivalent circuit was proposed to describe the 
impedance data. 
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 The values of RCT were estimated along lithiation progress at 0.05C (black solid 
circles and lines of Figure 3-3) after elements of the equivalent circuit were extracted from 
the impedance data (Figure 3-2c) by nonlinear least square fitting. The capacity used as the 
abscissa was normalized by the capacity obtained at 0.05C. Also, RCT of impedance spectra 
obtained at higher rates from 0.1C to 1C were included in the same figure. When the 
lithiation is driven by charge rates slow enough for kinetics of the lithiation process to be 
considered relatively sluggish, RCT was slightly reduced with lithium ion intercalation 
proceeding from the dilute stage (α) through the stage 4 to the stage 2L (β) (equation I and II). 
Then, RCT began to increase from the formation of the stage 2L to the stage 2 (γ) (III), 
followed by abrupt increase in RCT observed during transition from the stage 2 to the stage 1 
(δ) (IV) or after the inter-space of graphites are fully filled with lithium ions. The decrease in 
RCT during the GIC transition from the dilute stage to stage 2L can be understood in terms of 
the interlayer distances of graphites (d). The values of d were reported at 0.335 nm for bare 
graphite (or very dilute stage), 2.718 nm for the stage 8 (between the dilute stage and the 
stage 4), 1.376 nm for the stage 4 and 0.704 nm for the stage 2.5, 17 The increase in d spacing 
possibly leads to reduced hindrance against introducing lithium ions into the interlayer space 
and enhanced solid-state diffusion within graphite. 
 As charge rate to lithiate graphite increases, the onset capacity of abrupt increase in 
RCT is shifted to smaller values as shown clearly from the comparison of RCT between 0.05C 
and 0.1C (Open squares in Figure 3-3a). The RCT curves at higher rates (0.5C and 1C) are 
expected to go up earlier than that of 0.1C (Figure 3-3b) even if they reached the cut-off 
voltage before showing the abrupt increase.  
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Figure 3-3. (a) Change of RCT along lithiation progress at various C-rates. (b) Magnified plots 
of (a). 
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The effect of C-rate was investigated in a more detailed way by comparing the RCT 
profiles with differential capacity (dQ/dV) (Figure 3-4). Development of overpotential with 
increasing rate is clearly shown by the shift of peak potentials of GIC transitions into a 
negative direction (blue and green solid lines). Independent of C-rates, the potentials at which 
RCT is minimized corresponded to the GIC transition II from the stage 4 to the stage 2L. In 
other words, electrochemical factors affecting kinetics of lithiation is improved up to the 
stage 2L while the stages from 2 to 1 provide electrochemical environments unfavourable to 
the lithiation processes. 
 At this point, the usefulness of our GS-EIS should be emphasized. We measured 
impedances under lithiating graphites at constant current. Our GS-EIS snapshot the states or 
stages dynamically moving during charging, which is the most important aspect of 
distinguishing GS-EIS and a conventional PS-EIS. In PS-EIS as a traditional EIS, 
impedances are measured in a stationary and equilibrated state after systems are stabilized 
under an applied constant potential.18 PS-EIS releases electrochemical information only 
applicable to the systems controlled by very small C-rates. Even for the case, we are not sure 
of how the information can be used if there is a hysteresis between charging and discharging 
profiles. Especially under high currents applied, moreover, the electrochemical parameters 
obtained from the equilibrated state cannot express the electrochemical behaviors of dynamic 
states. The impedance measured by our GS-EIS (Figure 3-3 and 3-4) shows its raison d'être: 
impedance spectra depend on C-rates. 
 Based on the lesson from our GS-EIS studies that resistance related to charge transfer 
decreases up to the stage 2L then increases abruptly and exponentially, a question can be 
raised: what if charging current is programmed to minimize the effects of RCT for lithiating 
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graphite or cells based on graphite anode? It should be avoided to use of high currents at the 
stage 2 to the stage 1 due to their high resistance. 
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Figure 3-4. Capacity differentiated with respect to potential (dQ/dV, black curve for left 
ordinate) and charge transfer resistance (RCT, red curve for right ordinate) as a function of 
potential (E). They were obtained simultaneously from chronopotentiometry at three different 
C-rates: (a) 0.05C, (b) 0.5C and (c) 1C. 
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 A simple sequence of three different C-rates (2C-1C-0.5C) was programmed to 
lithiate graphite more efficiently in a faster way. Higher currents were used at less resistive 
stages and vice versa. The programmed sequence is not the best solution but just for testing 
feasibility of our CRS (C-rate switching) strategy. The most optimized profile could be 
obtained by considering RCT profiles at various C-rates and their effects on lithiation kinetics, 
which is left for studies to be continued. The CRS strategy was compared with lithiation at 
fixed rates at 0.1C or 0.5C in terms of capacity reached within a fixed time span (50 min) 
(Figure 3-5). It is obvious that slower charging accommodates higher capacity only if the 
charging time is not the concern. However, fast charging is one of the most important issues 
as LIB-based electric vehicles are developed and commercialized. Within 50 min, 12 % and 
51 % of available capacity was charged at 0.1C and 0.5C, respectively. There was no 
significant difference of potential profiles between those C-rates because impedance relevant 
to the stages of up to 50 % relative capacity is kept at a low level. Therefore, there were no 
reasons not to use higher rates initially. Fast lithiation at 2C as the first step of the CRS 
sequence delivers 18 % of available capacity, followed by subsequent lithiation at 1C and 
0.5C providing additional 25 % and 32 % respectively. As a result, the CRS strategy enabled 
cells efficiently charged at the capacity 7 and 1.5 times as high as that obtained at 0.1C and 
0.5C respectively.    
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Figure 3-5. Lithiation of graphite by C-rate switching strategy versus conventional fixed rate 
strategy. (a) Potential profiles. (b) Relative capacity of lithiation. 
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Lithiation into graphite was described schematically at a fixed rate (0.1C) versus by 
our CRS strategy in Figure 3-6. Solvated lithium ions are introduced into the space between 
graphitic layers after passing through a solid-electrolyte interphase (SEI) layer.8, 19, 20 The SEI 
layer is an ionic conductor but an electric insulator. When lithium ions pass through the SEI 
layer, they experience resistance (RSEI in Figure 3-2c) that is independent of the stages of 
GICs. However, RCT relevant to Li
+ introduction from the SEI layer to graphite depends 
strongly on the stages. The intercalated Li+ diffuses through interlayer space, leaving room 
for next lithium ions.9, 21 At a fixed charging rate slow enough (0.1C, left column of Figure 3-
6), Li+ introduction into the interlayer space of graphite is slower than Li+ movement within 
the space. That is to say, lithiation is not limited by the solid-state diffusion. However, it takes 
longer time to charge cells because the slow rate was used. At high charging rates (2C in the 
right column of Figure 3-6), on the other hand, intercalated lithium ions are accumulated at 
the entrance of interlayer space around edges of graphitic layers due to limited mass transfer 
within graphite. In our CRS strategy, the traffic of Li+ movement is mitigated by changing the 
C-rate into slower ones. In addition, the increase in RCT caused by high degree of lithiation is 
compensated by adopting a sequence of decreasing C-rates as discussed above. 
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Figure 3-6. Lithiation of graphite at 0.1C (left column) versus by our CRS strategy (right 
column).  
  
６２ 
 
3.4. Conclusions 
 The use of a sequence of different C-rates, instead of a conventional constant current 
charging, was proposed for fast charging of LIBs. The CRS strategy was motivated by 
information on lithiation of graphite investigated in situ by GS-EIS. Our GS-EIS successfully 
retrieved meaningful kinetic parameters of graphite lithiation in a non-stationary and non-
equilibrated state during chronopotentiometric charging at a fixed current or C-rate. Charge 
transfer resistance were minimized at the GIC transition (II) from the stage 4 to the stage 2L, 
followed by a mild increase of RCT over the stage 2L and 2 and an abrupt increase after the 
GIC transition (IV) from the stage 2 to the stage 1. Also, C-rate dependency of kinetic 
parameters was revealed, which cannot be obtained by conventional PS-EIS.  Based on the 
kinetic behavior of graphite lithiation, a sequence of C-rates for charging cells was 
constructed with decreasing C-rates (2C-1C-0.5C) to avoid the abrupt development of 
resistive environments at the latter part of lithiation process. Within a fixed time (50 min), 
seven-fold and one-and-a-half-fold capacities were reached by our CRS charging, compared 
with the values obtained by conventional charging at 0.1C and 0.5C respectively. 
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Ⅳ. Nanosizing benefits in silicon-lithium alloying investigated by Operando impedance 
spectroscopy 
 
4.1. Introduction 
 Silicon is one of the most promising anode materials of lithium ion batteries (LIBs).1-
4 It offers large theoretical capacity of ~4200 mAh g-1, being alloyed with lithium ions to 
Li4.4Si phase.
5 However, silicon has a drawback of >300% reversible volume expansion on 
complete charging6 so that it is pulverized during repeated lithiation/delithiation cycles and 
subsequently cracks are developed on electrodes. Consequently, the capacity of silicon-based 
lithium ion cells decayed or faded with cycles.7,8 Nanosizing and nanostructuring of silicon 
has been proposed to overcome capacity loss during cycling.9-11 Reducing its particle size 
shortens lithium ion diffusion length resulting in faster kinetics and suppresses pulverization 
by keeping volume expansion within a critical dimension beyond which pulverization or 
crack development occurs.  
 When lithium ions are alloyed with silicon, a series of polarizations are involved. 
Lithium ions in electrolyte reach the surface of silicon wrapped with the solid electrolyte 
interface (SEI) layer, experiencing ohmic polarization represented by a solution resistance RS. 
They enter the SEI layer from electrolyte and then move to silicon, overcoming activation 
polarizations relevant to each step (RSEI and RCT). After being alloyed with silicon, lithium 
ions are diffused throughout silicon mass along a concentration gradient (concentration 
polarization).12,13 The kinetic parameters of each step constituting an overall electrochemical 
process can be investigated by electrochemical impedance spectroscopy (EIS) because the 
EIS can deconvolute the overall process into its constituent steps by frequency. Impedance 
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spectra are conventionally obtained at a fixed potential (by potentiostatic EIS or PS-EIS) after 
a stationary state is reached. However, the electrode-electrolyte interfaces in LIBs change 
dynamically during practically used galvanostatic lithiation and delithiation.14-16 For this 
reason, the electrochemical parameters measuring polarization obtained by PS-EIS cannot 
describe the time-variant situations where the states of charge (SOC) cannot be defined only 
by corresponding potentials and the kinetic parameters depend on lithiation or delithiation 
rates. Therefore, impedance spectra should be obtained in operando by applying a current 
signal in which a sinusoidal current perturbation of a small intensity is overlapped to a fixed 
charge or discharge current (instead of a biased potential with a sinusoidal potential 
perturbation). The galvanostatic EIS (GS-EIS) successfully revealed the rate-dependent 
kinetics of lithium ion intercalation into graphite.17,18 In this work, we compared the 
lithiation kinetics between nano-dimensional and micro-dimensional silicon particles at real 
situations of battery cell charging by our GS-EIS. The apparent kinetic parameters were 
highly dependent not only on SOC at a fixed rate but also on C-rates. Based on the kinetic 
information extracted from the operando impedance spectra, a fast charging (lithiation) 
strategy was designed in a way that higher C-rates are preferred as far as lithiation kinetics 
can afford the rate. 
4.2. Experimental Methods 
4.2.1. Cell preparation 
 A slurry of 60:20:20 mixture Silicon nanoparticular silicon (nSi; Alfa Aesar, average 
particle size = ~50 nm) or microparticular silicon (μSi; Shanghai chemical, average particle 
size = 3~8 μm), a conducting agent (Super P) and PAA/CMC (1:1 polyacrylic acid: 
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carboxymethyl cellulose) binder was coated on a current collector (18 μm thick copper foils) 
and then dried at 150 °C for 2 h in a vacuum oven. 2032-type half coin cells were assembled 
in Argon-filled glove box. Lithium foil was the counter electrode and 1.3 M LiPF6 in 3:7 (v/v) 
ethylene carbonate (EC) : diethyl carbonate (DEC) with 10% fluoroethylene carbonate (FEC) 
was the electrolyte. A micro-porous polyethylene film (Asahi NH716, 20 μm thick) was used 
as the separator. The cells were galvanostatically charged/discharged in a voltage range of 
0.01 V to 1.2 V vs. Li/Li+ at 0.05 (unit has to be given) for stabilizing using a battery cycler 
(WonATech/WBCS 3000). The current for 1C was defined as 3700 mA g-1. 
 
4.2.2. Impedance measurement by GS-IES 
 After the first cycle of lithiation and delithiation for the SEI formation, the 
impedance spectra of cells were measured by GS-EIS during galvanostatic lithiation. The 
input signals were synthesized by superimposing sinusoidal alternating current waves of a 
small amplitude (10 μA) at 200 kHz to 1 Hz onto a fixed direct current determined by the C-
rate we chose. One channel in a multi-channel potentiostat (BioLogic/VSP-300) was used for 
generating sinusoidal waves and measuring outputs for impedance spectra while the other 
channel synthesized the inputs, applied them to cells and recorded potentials for potential 
profiles. The impedance spectra were measured every 10 min. for 0.1C, 5 min. for 0.5C and 
1C, and 3 min. for 2C. Kinetic parameters were obtained by fitting experimental impedance 
data with an equivalent circuit model (ZSimpWin).  
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4.2.3. Lithiation by C-rate switching (CRS) 
 All cells were kept at 1.5 V vs. Li/Li+ using a battery cycler before C-rate switching 
(CRS) experiments. The experiments were carried out galvanostatically in four different 
conditions. Two cells, as controls, were continuously lithiated to Si with 1 and 0.5C 
respectively. The test cell was lithiated in CRS-mode using an automatically controlled 
computer program. The current was applied to the cell with a series of 4C, 2C, 1C and 0.5C, 
consecutively. 
 
4.3. Results and Discussion 
 Lithiation processes of µSi and nSi were investigated in operando by using our GS-
EIS at 0.1C regarded as a slow rate. Impedance spectra (Figure 4-1c) as well as potential 
profiles (Figure 4-1a) were recorded along lithiation courses. Any significant distortion 
possibly caused by the small-amplitude sinusoidal stimuli was not observed in the potential 
profiles. Potential profiles obtained by GS-EIS at all C-rates used in this work were exactly 
the same ones obtained by practical galvanostatic lithiation without the sinusoidal 
perturbation and were in good agreement with profiles reported in other works.22,23 Two 
distinct plateaus (indicated by γ and δ in Figure 4-1a) were observed at 0.24 V and 0.07 V 
independent of particle sizes although the capacity of Si is relatively smaller than that of nSi. 
The positions of plateaus were more clearly compared in the differential capacity (dQ/dV) 
plots (Figure 4-1b). At the higher plateau potential, ~0.24 V, in Figure 4-1a, silicon is alloyed 
with lithium to form amorphous phase of LixSi alloy at room temperature, not following the 
four-stage process found at higher temperatures 23,24: 
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Si (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + 𝑥𝐿𝑖+ + 𝑥(𝐿𝑖+ + 𝑒−)  ⇆  𝐿𝑖𝑥Si (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠)     (7) 
Then, the amorphous phase is converted to a crystalline Li15Si4 alloy at the lower plateau 
potential 0.07 V with additional lithiation: 
4 𝐿𝑖𝑥Si (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + (15 − 4𝑥)(𝐿𝑖
+ + 𝑒−) ⇆  𝐿𝑖15Si4 (𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)     (8) 
During delithiation, the crystalline alloy phase is delithiated to an amorphous phase of silicon 
with leaving a residual amount of the crystalline Li15Si4 alloy: 
𝐿𝑖15Si4 (𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)  ⇆  4y Si (amorphous) + 15y 𝐿𝑖
+ + 15𝑦 𝑒− + (1 −
𝑦)𝐿𝑖15Si4 (𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙)    (9) 
The serious volume contraction during delithiation leads to crack development and 
pulverization, generating isolated mass of silicon or lithiated silicon (residual Li15Si4 in 
equation 9). The dead mass in terms of electroactivity increases with repeated cycles, 
resulting in capacity decrease. In terms of suppressed pulverization, silicon particles benefit 
from nanosizing by keeping volume expansion within a critical dimension.11  
The used C-rate, 0.1C, is considered to be slow enough for the SOC of silicon 
particles to reach equilibrium or around it because the same impedance spectra were obtained 
at the rates slower than 0.1C. Over the whole range of potentials, two different faradaic 
processes (each leading to a semi-circle in Nyquist plots) were observed seriously overlapped 
due to their similar time constants (Figure 4-1c). High- and low-frequency semi-circles were 
assigned to charge transfers through the interfaces between electrolyte and the SEI layer and 
between the SEI layer and silicon, respectively as shown in an equivalent circuit (Figure 4-
1d). Impedance spectra changed with potential or its corresponding SOC, indicating that 
equivalent circuit parameters were potential-dependent. Resistive components, estimated by 
diameters of semicircles representing faradaic processes in Nyquist plots, were slightly 
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reduced during the initial period of lithiation (α to β) and then increased dramatically as 
lithiation of silicon grew saturated (γ to ). 
 
 
 
Figure 4-1. Lithiation of µSi (black square) and nSi (red circle) at 0.1C as a slow rate. Charge 
transfer is supposed to be limited. (a) Potential profiles. (b) Differential capacity with respect 
７１ 
 
to potential calculated from (a). (c) Impedance spectra obtained at Greek letters in (a). (d) An 
equivalent circuit used for data analysis to describe the impedance spectra. 
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 In addition to 0.1C, a series of impedance spectra along lithiation course was 
obtained at various lithiation rates (Figure 4-2a and b). Polarization resistance (RP) extracted 
from the low-frequency semi-circles was used as the kinetic parameter representing the 
alloying process. RP showed a parabolic behavior along capacity or lithiation progress, 
having a minimum point and increasing at the capacities away from the minimum point 
(Figure 4-2c and d). Higher electric conductivity of amorphous LixSi phase than that of 
silicon or crystalline Li15Si4 could be partly responsible for the parabolic shape of RP.
25 
Earlier introduction of lithium ions into silicon lattices forms the conductive amorphous 
phase of LixSi (equation 7) that is helpful in enhancing charge transfer kinetics relevant to the 
subsequent introduction of lithium ions. Beyond a critical lithium occupancy in silicon lattice 
sites, however, charge transfer resistance increases because poorly conductive lithiated phase 
(crystalline Li15Si4) discourages the introduction of new lithium ions (equation 8). 
As lithiation is driven by higher C-rates, the larger particle system (µSi in Figure 4-2a 
and c) became more resistive to charge transfer especially at relative capacities higher than 
25 %. The Rp increase at higher C-rates originates from the traffic on lithium ion insertion 
into silicon mass. Even at the same SOC or the identical lithium composition in lithiated 
silicon, the distribution of lithium could be different depending on C-rates. At slower C-rates, 
the inserted lithium ions into silicon have enough time to be diffused through silicon lattice 
by a concentration gradient. More numbers of unoccupied surface silicon lattice sites are 
available without additional resistance involved in the polarization for introducing lithium 
ions into silicon mass. At higher C-rates, however, the lithium ions ready to be inserted into 
silicon near the surface experience a traffic resulting in higher values of Rp because the 
surface silicon atoms are already fully occupied by the pre-introduced lithium ions. However, 
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the nanosized counterpart (nSi) appears to be less dependent on the C-rates (Figure 4-2b and 
d), showing smaller values of Rp in the whole range of relative capacities. Higher surface 
area and shorter diffusion length of nSi would diminish the traffic problems. Due to the same 
reason, the RP curves of nSi started its dramatic increase at higher relative capacities when 
compared with those of µSi: the onset point of the increase at 1C = 50 % for nSi versus 25 % 
for Si. The capacity ranges Q% in which the normalized resistances (Rp) were less than 
0.5 were estimated wider for nSi than Si for all C-rates (Figure 4-2e). Therefore, nSi-based 
cells can be operated at lower Rp than Si-based ones during lithiation. 
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Figure 4-2. (a and b) Polarization resistance (RP) profiles during lithiation processes of Si (a) 
and nSi (b). (c and d) Normalized Rp (Rp = (Rp-Rp
min)/(Rp
max-Rp
min) with Rp
max and Rp
min = 
minimum and maximum values of Rp). (e) The capacity ranges Q% in which Rp < 0.5. 
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In addition to the resistive components of polarization Rp, the capacitive components 
were extracted from the high frequency semi-circles to trace the characteristic variation of 
SEI layer along lithiation course. Thickness-to-area ratios of the SEI layer (δSEI), as a 
quantitative measure of the thickness of the SEI layer, were obtained from the basic equation 
to correlate capacitance with geometric parameters: 
δ𝑆𝐸𝐼 =  
𝑑
𝐴
=
𝜀𝑟 𝜀0
𝐶𝑆𝐸𝐼
    (10) 
where d = thickness of SEI layer; A = area of SEI layer; εr = dielectric constant of 
materials of SEI layer (εr = 4.9 for Li2CO3 as the major constituent of the SEI layer26); ε0 = 
the permittivity of free space (= 8.854 × 10−14 F cm-1); CSEI = capacitance of SEI layer. A is 
considered as the area that electrons reach so that it is total area of active mass (silicon here) 
and conducting agents. At a fixed content of conducting agent, A varies only with silicon area 
depending on its morphology. The SEI layer thicknesses measure δSEI were compared 
between micro- and nanoparticular silicons (µSi and nSi) (Figure 4-3a and b): the SEI layer 
of µSi was estimated thicker than that of nSi for all C-rates. Pure silicon phase was detected 
within a shorter sputtering time for nSi rather than µSi (Figure 4-3c). The nanosized silicon 
particles provide higher surface area through which a fixed current is more distributed, 
resulting in thinner film formation. It does not mean that the total amount of the SEI layer 
formation on nSi is less than that on µSi. Interestingly, two local maxima of the SEI profiles 
in Figure 4-3a were observed at the plateau potentials of lithiation (as indicated in blue in 
Figure 4-3a and b) where amorphous and crystalline phased are formed respectively 
(equations 7 and 8).  Lithium ions in electrolyte are desolvated before they are alloyed with 
silicon. Temporary increase in concentration of solvent molecules nearby the interface 
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between electrolyte and silicon mass possibly leads to the increase in the dielectric constant 
value and therefore the virtual increase in SEI according to equation 10. 
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Figure 4-3. (a and b) The SEI layer evolution on silicon along lithiation process. The 
thickness-to-area ratio (δSEI = d/A) of SEI layer was used as a measure of its thickness. (c) 
Silicon concentration profiles from the surface into the depth of electrodes. Time-of-flight 
secondary ion mass spectrometry (TOF-SIMS) was used. 
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Unless silicon anodes were seriously polarization-resistive at high rates, there would 
be no reason that the electrode should be lithiated at a slow rate to obtain high capacities. The 
statement would be emphasized when considering that fast charging is an important issue of 
electric vehicles. Nobody wants to wait for charging batteries much longer than in gas 
stations. We successfully shortened the lithiation time of graphite anodes by using a C-rate 
switching (CRS) strategy in which a series of C-rates were used.18 The primitive philosophy 
behind the CRS is to use the highest C-rate that the polarization resistance Rp can allow even 
if the allowance limit is not defined yet in a mathematical or quantitative way. In addition to 
Rp, also, the resistance element causing IR drop such as solution resistance should be 
considered for choosing C-rates. A cut-off potential could be reached in case of serious IR 
drops before lithiation process proceeds. In this work, we applied the CRS strategy to silicon 
anode systems. Time-tracking lithiation progresses of nSi were compared between our CRS 
strategy and the conventional galvanostatic charging method at a fixed C-rate (Figure 4-4a). 
Four different currents were arbitrarily selected for the CRS by practical wisdoms that the C-
rates higher than 1C is considered to be fast and that we could not wait for charging our 
vehicles longer than a half of an hour. Then, a series of the selected currents was designed in 
a descending way such as 4C to 2C to 1C to 0.5C because our GS-EIS results (Figure 4-2b) 
indicated that the Rp values in the earlier lithiation were lower than those of the latter part 
along lithiation course. Also, potential margins up to the cut-off potential for accommodating 
the IR drop were considered so that the highest current (4C) was selected as the first one of 
the potential-switching series. The nSi anodes were lithiated at 75 % for 20 min by the CRS. 
However, the galvanostatic lithiation at a single current led to 33 % and 16 % at 1C and 0.5C, 
respectively. Therefore, it appears to be clear that the CRS strategies considering the 
７９ 
 
lithiation-course-depending polarization parameters have an advantage over the conventional 
charging methods from a standpoint of fast charging. It should be emphasized that the 
operando measurements of the kinetic parameters by GS-EIS enabled the CRS designed. 
There is every possibility that high current flows as well as abrupt potential changes 
could make harmful effects on LIBs. Therefore, capacity retention was checked during one 
hundred cycles of charging/discharging to confirm the CRS caused no degenerating effects 
on electrochemical stability of electrodes (Figure 4-4b). In terms of the operation stability, 
the CRS was similar to the slow-rate operation at 0.5C and superior to the relatively-high-rate 
operation at 1C: the capacity at the 100th cycle relative to the 1st cycle (Q100/Q1) = 93.56 % 
for the CRS, 66.53 % for the 1C lithiation and 99.38 % for the 0.5C lithiation. The highly 
stable capacity retention by the CRS is surprising because currents higher than those used 
ones in the constant 1C operation (4C and 2C, here) were used. 
 The insertion of lithium ions into silicon structure was schematically described in 
two different situations of the 0.5C lithiation versus the CRS lithiation (Figure 4-4c). At a 
slow rate (0.5C) of introducing lithium ions into silicon (left in Figure 4-4c), the lithium ions 
earn enough time for their diffusion through silicon lattice. Available electroactive mass can 
be fully used but it takes longer time for the lithiation. At the rates (e.g., 4C) that are high 
enough to have alloying kinetics faster than the solid-state diffusion, however, only a portion 
of the electroactive mass delivers capacity before the cut-off potential is met, lithium ions 
being accumulated at the silicon-side interface (right in Figure 4-4c). The traffic is relaxed by 
changing the current from the higher rate to the lower one (e.g., 4C to 2C). At the switching 
point, the potential shifts positively to the thermodynamically more favourable value so that a 
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potential margin is recovered to deliver an additional capacity in the subsequent galvanostatic 
lithiation (Figure 4-5).  
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Figure 4-4. Lithiation of nSi by C-rate switching strategy (CRS; 4C-2C-1C-0.5C here) versus 
conventional fixed-rate strategies. (a) Relative capacity along time. Relative capacities were 
calculated by dividing capacities by the capacities measured at 0.1C. The capacities at 0.1C 
were 3730 mAh/g for CRS (4C-2C-1C-0.5C); 3640 and 3238 mAh/g for conventional single-
rate strategies at 0.5C and 1C, respectively. The difference of the capacities at 0.1C 
originated simply from cell-to-cell deviation. (b) Capacity retention along repeated cycles. (c) 
Schematically described charging situations during CRS (right) versus a slow charging (left). 
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Figure 4-5. Potential profiles of lithiation of nano sized silicon by the consecutive three 
different galvanostatic steps. An experimentally obtained profile was compared with the 
calculated one. 
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In addition to Rp from the low-frequency semi-circle and CSEI from the high-
frequency semi-circle, the Warburg coefficient  can be used for characterizing 
electrochemical processes of silicon anodes, which is the parameter from the low-frequency 
45 degree-inclined lines responsible for diffusion processes (Figure 4-6; Calculation in 
Supporting Information). Apparent values of diffusion coefficients of lithium ions in lithiated 
silicon (DR), calculated from , decreased significantly as lithiation proceeds (Figure 4-7). 
With the values of DR and Rp as the functions of lithiation degree and C-rates, potential 
profiles of the CRS lithiation can be simulated. It means that the lithiation time can be 
expected only if a series of C-rates for the CRS lithiation is fixed. In situations satisfying that 
charge transfer kinetics is fast enough for the Nernst equation to determine the surface 
concentrations, potential profiles are described by the following modified Nernst equation: 
E − 𝑖(𝑡) 𝑅𝑃 =  𝐸
0′ −
𝑅 𝑇
2 𝑛 𝐹
 𝑙𝑛
𝐷𝑂
𝐷𝑅
+  
𝑅 𝑇
𝑛 𝐹
 𝑙𝑛 (
𝜏
1
2−𝑡
1
2
𝑡
1
2
)       (6) 
where DO = diffusion coefficient of Li
+; DR = diffusion coefficient of inserted Li
+; i(t) = 
current; R = gas constant; T = absolute temperature; n = number of electron transfer; τ = 
transition time. The calculated potential profile was matched with the experimental data for a 
CRS lithiation of 1C-0.5C-0.2C to the extent that the calculated profiles can be used as a 
rough guess for experimental data. Lithiation was initiated with IR drop caused by input 
current (1C in this case). When the cut-off voltage is reached and the lithiation rate changes 
at the same time, the voltage increased abruptly due to readjustment of the diffusion 
coefficient ratio (DO/DR) of lithium ions. It appears clear that the effective (or apparent) 
diffusion coefficient of lithium ion in active materials has a decisive effect on battery 
performance especially at high C-rate. The successful guess of experimental data by the 
modified Nernst equation means that the CRS strategy can be easily optimized in terms of 
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shortening lithiation (or charging) time with operando kinetic parameters obtained by GS-
EIS. 
4.4. Conclusions 
Lithiation of silicon was investigated in operando by using GS-EIS. Kinetic parameters 
obtained from the GS-EIS are considered more meaningful than those from conventional 
potentiostatic EIS because they are the effective parameters obtained from real galvanostatic 
charging situations. All parameters such as polarization resistance (Rp) and double layer 
capacitance depended on states of charge as well as C-rates. It was confirmed that 
nanoparticular silicon benefited from smaller Rp and thinner SEI layer when compared with 
its micro-size counterpart. Based on the full information of kinetic parameters at various C-
rates, the CRS lithiation consisting of multiple galvanostatic steps was designed to lithiate 
silicon anodes in a faster way. Our GS-EIS can be viewed as an electrochemical branch of 
operando spectroscopy27 at least when the method is used for interpreting LIBs. The reason is 
that spectroscopic data are obtained simultaneously with battery performances (similar to 
catalytic activities in operando spectroscopy). We believe that the operando methodology can 
be widely used for studying, interpreting, quality-controlling and state-checking practical 
energy devices such as LIBs.  
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4.S. Supporting information 
4S.1. How to obtain diffusion coefficients from impedance data 
 The coefficients of Warburg elements, σ, were obtained from the slopes of curves in 
the real parts (ZRe or Z’) of impedances versus ω-1/2 (Figure 4S-1) in a frequency range where 
a diffusion process determine impedances: 
𝑍𝑅𝑒 =  𝑅𝑆 +  𝑅𝑃 +  σ√𝜔
−1
    (1) 
The diffusion coefficients of lithium in silicon (DR) are obtained from: 
σ =
𝑅 𝑇
𝑛2 𝐹2 𝐴 √2
+ (
1
(√𝐷𝑂𝐶𝑂)
+
1
(√𝐷𝑅𝐶𝑅)
)   (2) 
with A = electrode area; C = concentration. Equation (2) is simplified to: 
σ =
𝑅 𝑇
𝑛2 𝐹2 𝐴 √2
+ (
1
(√𝐷𝑅𝐶𝑅)
)    (3), 
because 𝐷𝑂
1/2
𝐶𝑂 ≫  𝐷𝑅
1/2
𝐶𝑅. The values of CR (mol cm
-3) were calculated from the molar 
volume of Si and the quantity of lithiated Li+. Figure 4S-2 shows the calculated values of DR 
along lithiation progress. 
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Figure 4S-1. (a) Impedance spectra of nSi anodes at 0.1 C. (b) Z’ versus ω-1/2. 
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Figure 4S-2. Diffusion coefficient of lithium ion lithiated silicon (DR) calculated from 
Warburg coefficients (σ).  
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4S.2. Derivation of Equation  
 Potentials are related with transient time for facile electron transfer situations in 
constant current electrolysis:  
E =  𝐸𝜏/4 +  
𝑅 𝑇
𝑛 𝐹
 𝑙𝑛 (
𝜏
1
2−𝑡
1
2
𝑡
1
2
)   (4) 
where Eτ/4, the quarter-wave potential, is 
𝐸𝜏/4 =  𝐸
0′ −
𝑅 𝑇
2 𝑛 𝐹
 𝑙𝑛
𝐷𝑂
𝐷𝑅
    (5) 
Since polarization resistances (Rp) causes IR drops: 
 E − 𝑖(𝑡)𝑅𝑃 =  𝐸
0′ −
𝑅 𝑇
2 𝑛 𝐹
 𝑙𝑛
𝐷𝑂
𝐷𝑅
+  
𝑅 𝑇
𝑛 𝐹
 𝑙𝑛 (
𝜏
1
2−𝑡
1
2
𝑡
1
2
)      (6) 
where DO = diffusion coefficient of Li
+; DR = diffusion coefficient of inserted Li
+; i(t) = 
current; R = gas constant; T = absolute temperature; n = number of electron transfer; τ = 
transition time. 
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Ⅴ. Conclusions and Future Perspectives 
 
5.1. Conclusions 
 We have evaluated three different battery systems for the operation mechanism using 
various electrochemical techniques such as cyclic voltammetry, Fourier transform 
electrochemical impedance spectroscopy (FTEIS), and galvanostatic electrochemical 
impedance spectroscopy (GS-EIS) during charging and discharging process. 1-2 
 From the experiment of the electrochemical zinc oxidation, analysis of the extensive 
impedance data demonstrates that electron transfer takes place across the thin 
oxide/hydroxide film, whose electrical state undergoes drastic changes at the potential where 
charge transfer occurs. The capacitance of the film covering the surface was shown to 
undergo a large change during the charge transfer indicating that the electrode/electrolyte 
interface is strongly electrified during the charge transfer across it. Various electrode reaction 
kinetic parameters for oxidation of zinc are also reported by treating the impedance data and 
the reaction mechanism is discussed based on the data. 
 Galvanostatically induced lithiation of graphite, as a cathodic process of lithium ion 
batteries during charging, was investigated in situ by GS-EIS. To trace impedances along 
lithiation of graphite as a model system, we instrumented GS-EIS via superimposing a biased 
current with a series of sinusoidal current wave form. Step-wise potential changes during 
lithiation have been well known in graphite, which depends on periodicity of lithiated layer 
or stage. By our GS-EIS analysis, charge transfer resistance (RCT) of lithiation was revealed 
to depend on intercalation stages of graphite: RCT was minimized around the stage 2L and 
then dramatically increase at the stage 1. Based on the information regarding RCT profiles 
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obtained by galvanostatic charging processes, a charging strategy is programmed with several 
different charge rates (C-rates). The capacity of lithiation is significantly enhanced by a C-
rate switching (CRS) strategy. 
 Finally, The Silicon based lithium-ion batteries were investigated by in situ GS-EIS. 
The variation of double layer capacitance (Cd) demonstrates the thickening of solid 
electrolyte interface (SEI) layer - whereas the charge transfer resistance (RP) values show the 
mechanism of lithiation into the silicon structure during galvanostatic charging processes. 
The C-rate switch (CRS) strategy is suggested for the fast charge based on C-rate dependency 
kinetic parameters. The 75% of relative capacity is charged using CRS method while only 43% 
and 21% are lithiated by 1C and 0.5C, respectively during 25 min. 
 After all, those experimental results and finding suggest that the in situ EIS is 
suitable not only for helping to comprehend a battery operation system, but also for helping 
to find a research direction. 
5.2. Future Perspective 
 As lithium ion batteries (LIBs) extend their application area from portable electronic 
devices to electric vehicles, fast charging issue became the major concern because nobody 
wants to wait for charging his vehicles for several hours.3-5 Various approach have been tried 
to solve the issue dominantly by manipulating material properties of active materials. 6 
Through our research results, we reported that the main key of charge rate was not current but 
diffusion rate. When the high current is applied to the batteries, inserted lithium ions are 
accumulated at the edge site of inter active materials bring about IR drop. To solve the 
９４ 
 
problem, we suggest short diffusion length such as herringbone carbon nano tube (HBCNT). 
We expect that combining HBCNT as an active material of LIBs with C-rate switch method 
make a good performance of a high charging. 
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Figure 5-1. The concept of Galvanostatic Fourier transform Electrochemical impedance 
spectroscopy (GS-FTEIS). Input stimuli (a) are generated by making small step on a 
galvanostatic signal  and obtained signal (b). Temporal profile of potential (d) and 
impedances (e) at points of interest (color circles in c) of the chronopotentiometric profile are 
measured simultaneously.  
９６ 
 
 In this study, we used real time impedance measurement both potentiodynamic and 
galvanostatic method. However introduced GS-EIS take a long time to measure the 
impedance data. Thus, it is difficult to apply to the battery charging and discharging with 
high C-rate.  To take full advantage of the capabilities of not only the FTEIS techniques7-9 
but GS-EIS, the galvanostatic FTEIS should be proposed. While the constant current is 
applied to the batteries system, a small current step is imposed to constant current to make the 
perturbation potential (Figure 5-1). Thus, we need to designed not only a high speed and high 
stability potentiostat but also optimized software programs, a FFT technique, several 
measurement modes, and extensive. Using this method, it allows us to see how the electrical 
characteristics between the electrode and electrolyte interface changes during a typical 
galvanostatic charge and discharge process. 
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이 자리를 빌어 감사 드립니다. 
마지막으로 한때 엇나갈 뻔 했던 저를 항상 믿고 지지해주신 아버지, 어머니 감사합니다. 제가 부
모가 되어보니 그 동안 부모님께서 저에게 베풀어주신 사랑이 얼마나 컸던 건지 다시 한번 느낍
니다. 다시 한번 감사합니다. 
 
